A lthough normal blood vessels do not express inducible NO-synthase (iNOS), vascular expression of iNOS occurs in pathological settings, including cerebrovascular disease and stroke. 1, 2 In general, proinflammatory stimuli produce the expression of iNOS within the vessel wall. [3] [4] [5] [6] [7] [8] Expression of iNOS during systemic inflammation contributes to impaired contraction, 3, 4, 9, 10 but effects of iNOS on vasorelaxation have not been clearly established. Several studies suggest that vasorelaxation is impaired after inflammatory stimuli, such as lipopolysaccharide (LPS), [11] [12] [13] [14] but others report normal vasorelaxation after LPS. 15, 16 The goal of these studies was to examine effects of iNOS on contraction and relaxation of blood vessels by using gene transfer of iNOS.
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Endothelium-dependent vasorelaxation mediated by endothelial NO synthase (eNOS) is impaired in response to several inflammatory stimuli that induce iNOS in blood vessels. 12, [17] [18] [19] Pharmacological inhibitors of iNOS improve endothelium-dependent relaxation after LPS. 12, 20, 21 The findings suggest that expression of iNOS is associated with decreased function of eNOS. However, pharmacological inhibitors of iNOS are not entirely selective for iNOS, and inhibition of neuronal NO synthase also improves endothelium-dependent relaxation during inflammation. 20 Therefore, it is not known whether iNOS, per se, affects relaxation of blood vessels.
The goal of the present study was to use gene transfer of iNOS, in vitro and in vivo, to directly examine effects of iNOS on vasomotor function. We tested the hypothesis that expression of iNOS would be a sufficient stimulus to produce impaired contractile responses and impaired relaxation of carotid arteries. Several previous studies using iNOS gene transfer to blood vessels have evaluated antiproliferative effects, [22] [23] [24] [25] [26] [27] and a recent study examined the effects of gene transfer of iNOS on contractile responses of tail arteries. 28 Although several studies have examined the effects of gene transfer of eNOS on vascular function, 29 -39 to our knowledge, these are the first studies to evaluate the effects of gene transfer of iNOS on NO-dependent relaxation.
Methods

Construction of the iNOS Virus
AdCMViNOS was constructed by Dr Yi Chu in our laboratory. We obtained cDNA for mouse iNOS in a plasmid (pUC19) from Drs Qiao-wen Xie and Carl Nathan at Cornell University. The unique HincII site, which is located immediately before the start of iNOS DNA, was converted to a NotI site. The unique SspI site, which is located immediately after the stop of iNOS cDNA, was converted to a XhoI site. The new NotI-XhoI fragment containing the full-length iNOS cDNA was cloned into a shuttle plasmid that contains (in order) an adenovirus sequence of 0 to 1 map units, the cytomegalovirus (CMV) promoter/enhancer followed by a NotI site, the simian virus 40 polyadenylation sequence that follows an XhoI site, and an adenovirus sequence of 9 to 16 map units.
To test whether the shuttle plasmid containing iNOS expressed functional iNOS, the plasmid was transfected to COS-1 cells, which have very low endogenous NO synthase activity. One or 2 days after transfection, NO synthase activity was assayed by measuring nitrite concentrations in the incubation media by using the Griess assay. The positive plasmid was then used to cotransfect 293 cells with a large adenovirus fragment for homologous recombination. Recombinant iNOS adenovirus was screened by polymerase chain reaction by using specific primers for mouse iNOS cDNA and by the Griess assay after infection of the 293 cells. AdiNOS was then propagated in the presence of 1 mmol/L aminoguanidine, and function was confirmed by demonstration of a large increase in nitrite concentrations in transduced COS-1 and 293 cells in the absence of aminoguanidine.
Animals
Adult male New Zealand White rabbits (2.5 to 3.0 kg) were used for gene transfer studies in vitro and in vivo. Rabbits (nϭ64) were euthanized with pentobarbital (150 mg/kg), and both common carotid arteries were removed.
Gene Transfer In Vitro
Carotid arteries were cut into 8 (Ϸ2-to 3-mm) segments and placed in DMEM. Viruses were diluted to final titers (reported as plaqueforming units [pfu] per milliliter) in 0.4 mL of tissue culture medium. Vessels were then incubated at 37°C for 2.5 hours in tissue culture medium plus AdCMViNOS or AdCMVBglII (a null virus with no functional transgene) or tissue culture medium alone (control). After 2.5 hours in virus or vehicle, vessels were transferred to 1.0 mL fresh DMEM with 1% penicillin/streptomycin and 2% FCS for an additional 24-hour incubation period at 37°C in an O 2 incubator. After 24 hours, pairs of vessels were used for functional studies. We have previously demonstrated normal vasomotor function in carotid arteries after incubation for 24 hours. 30, 40 Gene Transfer In Vivo Rabbits (nϭ18) were anesthetized with xylazine/ketamine (5/20 mg/kg IM), and both carotid arteries were exposed. Proximal and distal sutures were used to stop blood flow, an incision was made in the external carotid artery, and a catheter was introduced. Adenovirus (AdiNOS, 150 L, 1ϫ10 10 pfu/mL) was instilled, and after 20 minutes, viral solution was withdrawn, the artery was sutured, and blood flow was reestablished. The procedure was repeated on the contralateral carotid artery by using control virus (AdBglII) or vehicle. Incisions were sutured with 4.0 silk. Rabbits were allowed to recover, and 2 days later, they were euthanized with sodium pentobarbital (150 mg/kg), and the carotid arteries were removed.
Immunohistochemistry
Immunohistochemistry was performed in segments of carotid artery after gene transfer of iNOS. Vessel segments were frozen and cut into serial sections (5 mol/L thick). Frozen sections of vessels were placed on poly-L-lysine-coated slides and were allowed to dry at room temperature. Sections were fixed in acetone and 1% paraformaldehyde at 4°C for 5 minutes. Horse serum (5%) and 0.2% albumin were used for blocking nonspecific binding proteins for 20 minutes. Mouse IgG monoclonal antibody to murine iNOS (1:50, Transduction Laboratories) was then incubated for 30 minutes. After the slides were washed for 5 minutes in PBS, biotinylated goat anti-human antibody (Vector Laboratories) was applied for 30 minutes, followed by avidin-conjugated alkaline phosphatase (kit No. SK5300, Vector Laboratories) for 30 minutes. Slides were incubated in 0.05% diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide for 5 minutes and then washed in water. Vessel sections were counterstained with nuclear fast red (Vector Laboratories) and examined for positive staining of iNOS by light microscopy.
Vasomotor Function
Arteries were placed in cold oxygenated Krebs' solution, and isometric tension was recorded to assess vasomotor function, as described previously in detail. 33, 40 We examined the contraction of carotid rings in response to KCl, phenylephrine, and U46619 and relaxation in response to acetylcholine, ADP, A23187, and sodium nitroprusside. Vessels were preconstricted with phenylephrine to Ϸ60% of maximum constriction for subsequent dose-response curves to vasodilators. Acetylcholine 41 and ADP 42, 43 are receptor-mediated and endothelium-dependent vasodilators. A23187 is a calcium ionophore that increases intracellular calcium and activates eNOS by a non-receptor-mediated mechanism. Nitroprusside is a non-endothelium-dependent vasodilator that produces relaxation by direct activation of soluble guanylate cyclase in smooth muscle.
Some vessels were preincubated for 1 hour with aminoguanidine (300 mol/L) or L-N-iminoethyl lysine (L-NIL, 100 mol/L) before vasoconstrictor or vasodilator agents. At these concentrations, the agents are relatively selective inhibitors of iNOS, 5,9,44 -47 and they do not impair responses to acetylcholine in our control vessels.
To determine whether cyclooxygenase (COX) enzymes or xanthine oxidase contribute to impaired function of carotid arteries after gene transfer of iNOS, some vessels were treated with indomethacin (10 mol/L) or allopurinol (1 mmol/L) for 30 to 60 minutes before administration of vasoactive drugs. This concentration of indomethacin inhibits COX-mediated endothelium-derived contracting factors 48 and vascular effects of arachidonic acid. 49 Other experiments were performed in the presence of cellpermeable polyethylene glycol superoxide dismutase (PEG-SOD) or 4,5-dihydroxy-1,3-benzene disulfonic acid (Tiron), a scavenger of superoxide, to determine whether superoxide contributes to impaired vasomotor function after AdiNOS.
Chemicals
Acetylcholine, L-phenylephrine, sodium nitroprusside, A23187, ADP, aminoguanidine, L-NIL, Tiron, PEG-SOD, and indomethacin were obtained from Sigma Chemical Co and dissolved in normal saline. Allopurinol, also obtained from Sigma, was dissolved in 1 mol/L NaOH and titrated to physiological pH by using HCl. U46619 was obtained from Cayman Chemical, dissolved in ethanol, and then diluted in normal saline.
Statistical Analysis
Contractile responses are expressed in grams, and relaxation is expressed as percentage of precontraction produced by phenylephrine. Group comparisons were performed in the context of a factorial repeated-measures ANOVA, involving iNOS treatment versus BglII treatment, presence versus absence of pharmacological inhibitors, and the interaction of these 2 factors. Multiple comparisons were tested at a Bonferroni-adjusted ␣ level. All data are expressed as meanϮSEM.
Results
Expression of iNOS
Expression of iNOS was observed in the adventitia and endothelium after gene transfer of iNOS in vitro (Figure 1 ). We occasionally (in 2 of 7 experiments) observed minimal expression of iNOS in the adventitia after AdBglII in vitro, with no expression in the endothelium. Extensive expression of iNOS was observed in the endothelium after intraluminal gene transfer of iNOS in vivo, with little or no expression in the adventitia (data not shown). 
Relaxation After Gene Transfer In Vitro
NO-dependent vasorelaxation was impaired after gene transfer of iNOS in vitro. Responses to acetylcholine were similar after AdBglII or vehicle (Figure 3, left) . Responses to acetylcholine were markedly impaired in a titer-dependent manner after gene transfer using AdiNOS (Figure 3, middle) . After AdiNOS, the responses of vessels to acetylcholine were restored largely to normal by aminoguanidine (Figure 3 , right) or L-NIL (Figure 4, right) . Neither inhibitor altered responses to acetylcholine in vessels after AdBglII (Figure 4 ) or vehicle (data not shown). Indomethacin had no effect on responses to acetylcholine after AdiNOS (nϭ3, data not shown).
PEG-SOD markedly improved responses to acetylcholine in 5 of 14 experiments and had little or no effect in 9 of 14 experiments after AdiNOS. Tiron, a second agent used to decrease superoxide levels, improved responses to acetylcholine in 5 of 18 experiments and had no effect in 13 of 18 experiments. Thus, effects of PEG-SOD and Tiron were not consistent, and group differences were not statistically significant (data not shown).
Responses to ADP ( Figure 5 , left) and A23187 ( Figure 5 , right) also were impaired after AdiNOS. Aminoguanidine improved the responses to ADP and to A23187 ( Figure 5 ).
We also examined responses to non-endotheliumdependent vasodilators. Relaxation in response to nitroprusside, which produces NO, was similar in vessels after gene transfer of BglII or vehicle (data not shown). In contrast, responses to nitroprusside were impaired after gene transfer of iNOS and were improved by aminoguanidine (Figure 6 , left). However, 8-bromo-cGMP and papaverine produced similar relaxation after AdiNOS or AdBglII ( Figure 6 , middle and right).
Contraction and Relaxation After Gene Transfer In Vivo
After intraluminal gene transfer of iNOS in vivo, contractile responses to phenylephrine in vitro were not significantly impaired. Maximum contraction to phenylephrine (10 mol/L) was 6.6Ϯ0.7 g after AdiNOS and 7.2Ϯ0. 
Discussion
The major finding of the present study was that gene transfer of iNOS alters vasomotor function. We anticipated that gene transfer of iNOS would impair contraction, and this hypothesis was confirmed. A major new finding was that expression of iNOS by gene transfer, either in vitro or in vivo, produces pronounced impairment of NO-dependent vasorelaxation.
Expression of iNOS After iNOS Gene Transfer
We found extensive expression of iNOS in adventitia and endothelium after gene transfer in vitro and predominantly endothelial expression after intraluminal gene transfer in vivo. Minimal expression of iNOS was observed occasionally in adventitia of vessels after gene transfer of BglII in vitro, which suggests that some induction of endogenous iNOS may occur after infection with adenovirus. In contrast to BglII, all vessels exposed to AdiNOS in vitro showed expression of iNOS in adventitia and endothelium. Thus, gene transfer of iNOS produces expression of iNOS in blood vessels.
Effects of iNOS on Vasorelaxation
Previous studies have suggested that conditions in which expression of iNOS is observed (eg, in atherosclerosis or after LPS) are also characterized by impaired function of eNOS, but direct effects of iNOS on NO-mediated relaxation have not been described. Proinflammatory stimuli, such as tumor necrosis factor-␣, which induces expression of iNOS, de- Left, Responses to acetylcholine were impaired after AdiNOS (nϭ6, *PϽ0.05 vs AdBglII and AdiNOSϩAG) and were improved by AG (nϭ6, PϽ0.05 vs AdiNOS). Middle, Responses to nitroprusside also were impaired after AdiNOS (nϭ6, *PϽ0.05 vs AdBglII) and were improved by AG (nϭ6, PϽ0.05 vs AdiNOS). **PϽ0.05 vs AdiNOSϩAG. Right, Responses to papaverine were similar after AdiNOS or AdBglII (nϭ6, PϾ0.05 vs AdBglII).
crease the levels of eNOS protein and the amount of NO in cultured endothelial cells. 50 LPS produces impaired eNOSdependent relaxation in vessels, 14, 15, 18 and expression of iNOS has been demonstrated in blood vessels after LPS. 3, 4, 9 Responses to pharmacological inhibitors, such as aminoguanidine, suggest that iNOS mediates impaired endothelial function after LPS. 12, 20, 21 However, inhibition of neuronal NO synthase also improves endothelium-dependent relaxation during inflammation. 20 Because inhibitors of iNOS frequently have effects on Ͼ1 NO-synthase isoform, it is not known whether iNOS, per se, affects the relaxation of blood vessels. Thus, a causal relationship has not been demonstrated previously between the expression of iNOS and impaired NO-dependent relaxation.
We conclude that iNOS impairs NO-dependent relaxation because responses to acetylcholine and nitroprusside were impaired after gene transfer of iNOS. Acetylcholine is eNOS dependent in the carotid artery, 41, 51 and nitroprusside is an exogenous donor of NO. The finding that impairment of NO-dependent relaxation was observed after gene transfer of iNOS in vitro and in vivo reduces the possibility that impaired responses are an artifact of experiments performed in vitro.
Impaired responses to acetylcholine and nitroprusside after AdiNOS were improved by aminoguanidine and L-NIL, 2 different selective inhibitors of iNOS. Aminoguanidine and L-NIL produced no impairment of relaxation in control vessels, which suggests that the blockers do not inhibit eNOS at the concentrations used in these experiments. These results strongly suggest that iNOS mediates the observed impairment of relaxation.
We also examined responses to ADP, another receptormediated activator of eNOS, 42 after the gene transfer of iNOS in vitro. Because 2 different receptor-mediated pathways were impaired after AdiNOS, we conclude that the effects are not limited to muscarinic receptors. Additional experiments were performed with non-receptor-mediated activation of eNOS by the calcium ionophore A23187. Responses to A23187 also were impaired by iNOS, which suggests that impairment occurs downstream from endothelial receptors.
Responses to papaverine, a non-NO-mediated vasodilator, were similar after AdiNOS or AdBglII, suggesting that smooth muscle is capable of relaxing normally in the presence of iNOS. NO produces vasorelaxation by activating soluble guanylate cyclase in smooth muscle. To examine smooth muscle function downstream from guanylate cyclase, we tested the effects of 8-bromo-cGMP and found responses to be normal after AdiNOS. Thus, impairment of the relaxation produced by iNOS appears to be limited to NOdependent mechanisms and occurs at the level of NO itself or at the level of soluble guanylate cyclase.
One mechanism that can reduce the effects of NO involves superoxide. NO binds readily with superoxide to form peroxynitrite. 52 In the presence of elevated levels of superoxide, quantities of NO from eNOS or from nitroprusside may be insufficient to produce normal vasorelaxation. We tested whether superoxide mediates impaired responses to NO after AdiNOS by using PEG-SOD and Tiron. Responses to acetylcholine and nitroprusside were not consistently improved after AdiNOS in the presence of PEG-SOD or Tiron in a large number of studies. However, because improvement of NOmediated relaxation by PEG-SOD or Tiron was observed in some studies, we cannot exclude the possibility that superoxide contributes to impaired responses after AdiNOS under some conditions.
Effects of iNOS on Contraction
Using pharmacological inhibitors and gene-targeted mice, we and others 3, 4 have provided evidence that implicates iNOS in impaired vasoconstrictor responses after acute inflammatory stimuli. Data from iNOS-deficient mice indicate that impairment of contraction is dependent on the expression of iNOS after LPS. 3 However, previous studies do not define the role of iNOS, per se, because proinflammatory stimuli, such as LPS, produce the expression of many cytokines and inducible enzymes, such as COX-2, in addition to iNOS in blood vessels. The current data, with gene transfer of iNOS in vitro, are similar to responses observed by Worthington et al 28 and provide evidence that the expression of iNOS in blood vessels is a sufficient stimulus to impair contraction. The finding that indomethacin did not alter responses suggests that COX-2 does not contribute to impaired contraction after gene transfer of iNOS.
We did not measure cytokines or other indices of inflammation in vessels after AdiNOS, but similar vasomotor function in vessels after AdBglII and in freshly harvested vessels provides evidence that exposure to adenovirus alone does not impair vasomotor function. Although data in the present study do not preclude the possibility of interaction of iNOS with other enzyme systems within the vessel wall, once iNOS is expressed, the data suggest that iNOS can alter vascular function independently of concurrent induction of other systemic inflammatory mediators.
Previous studies have documented expression of iNOS in adventitia after proinflammatory stimuli. 6, 53 The studies used pharmacological approaches to suggest a role for iNOS in adventitia in impairment of vasoconstrictor responses. 53 In the present study, impaired contraction occurred only after the gene transfer of iNOS in vitro, in which extensive expression of iNOS was observed in the adventitia. Expression of iNOS was limited to endothelium after intraluminal gene transfer of iNOS in vivo. The findings in vitro are consistent with a role for adventitial iNOS in the impairment of contraction.
Summary
These findings provide direct evidence that iNOS can impair contraction and NO-dependent vasorelaxation. Receptor-mediated and non-receptor-mediated activation of eNOS as well as responses to exogenous NO are all impaired after gene transfer of iNOS, but smooth muscle retains the ability to relax to some stimuli. Thus, impaired relaxation produced by iNOS appears to be specific for the NO-mediated pathway(s). The finding that iNOS contributes to vascular dysfunction during inflammation may have implications for atherosclerosis and several other cardiovascular diseases.
